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Abstract
This paper focusses on intra- and inter-species connections between diatoms; hard bioglass microalgae that adhere through the
secretion of sticky extracellular polymeric substances (EPS). We identify entirely new diatom attachment mechanisms, and the
associated structures that develop from them. Further, we consider these findings in light of potential strategies for the self-
assembled manufacture of micro-bio machine parts, and discuss their possible first-order end uses.
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1 Introduction
R&D efforts into micro-machine design is on an upward tra-
jectory. This is because micro-machines are understood to
have strong exploitation potential within high impact areas,
Sitti [1]. One area receiving greater attention involves the
integration of biological organisms to micro-machine design.
This is because some of the challenges in micro-machine de-
velopment including; propulsion, energy/power creation, and
sense/response mechanisms, are already naturally present in
biological microorganisms. As such, microorganisms are seen
as potential solutions to the numerous scaling-challenges as-
sociated with the development of functional micro-machines
and robots.
The mobility of micro-robots for example, is one area
showing considerable promise, since many micro-organisms
have inherently advanced biological mechanisms that enable
self-energised movement. Ghanbari and Bahrami [2] pro-
posed that there are benefits in exploiting the ciliary swim-
ming mechanism of Paramecium sp., and by doing so,
circumventing well-known scaling difficulties that relate to
micro-robot mobility. The novel cilia-based methodology for
enabling swimming in a micro-robot showed higher simulated
efficiency in propulsion than an equivalent flagella-based
swimming micro-robot. This was reported to be because the
length and diameter of cilia are much larger than those of
flagella, and as such they have higher propulsive forces at
equivalent accelerations. Xu et al. [3] considered helically
swimming micro-robots with potential in minimally invasive
in vivo medical applications. They concluded that the effec-
tiveness of helical micro-swimming is affected primarily by
the angle of the helical twist, as opposed to other geometrical
parameters such as the width and thickness of the helical ob-
ject. Khalil et al. [4] experimentally demonstrated that a sperm
driven microtubule could be used as a micro-bio robot with
applications in drug delivery and as a micro-actuator. The
direction of travel could be controlled using a magnetic force
guiding the microtubule, and the authors further proposed that
the efficiency of the micro-bio robot might theoretically be
increased by reducing the length of the microtubule, as it
would result in a larger (tail) beat-amplitude. Hogg [5] pro-
posed that the design of shape-changing micro-bio robots
could be guided by their energy dissipation in viscous biolog-
ical fluids, since surface forces direct both translational and
rotational kinematics.
Diatoms have gained recent popularity as cellular struc-
tures suitable for use in micro-bio robotics. Diatoms are eu-
karyotic microalgae that grow strong, hard, bio-glass (silica-
rich) exoskeletons known as frustules [6, 7]. The glassy frus-
tules are attractive in micro-bio robotics as they are rigid hol-
low bodies, ornamented with systematically arranged nano-
pores, which makes them ideal in a number of micro-bio robot
applications. These might include but are not limited to; the
development of self-propelled micro-motors [8], microscale
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biosensor platforms [9] and as drug delivery vehicles [10].
Panda et al. [8] made use of diatoms with geometrical anisot-
ropy to enable movement in a single direction under a low
concentration of H2O2, which could then be terminated by
EDTA addition. Gale et al. [9] functionalised Cyclotella frus-
tules with model antibody rabbit immunoglobulin G (IgG) to
amplify the intrinsic blue photoluminescence by a factor of
six. Delalat et al. [10] genetically engineered the diatom
Thalassiosira pseudonana, to exhibit GB1 protein on the sil-
ica surface, which could then bind to targeted antibodies on
cancer cells, and were able to interact electrostatically with
liposome-encapsulated cancer drug molecules.
Diatoms have essentially been considered thus far, as entire
micro-bio machines. To date there are no records of micro-bio
robots that are composed of conjoined parts. Conjoining
micro-parts with specific geometries increases our potential
for building larger, structurally and functionally more com-
plex, micro-bio machines. Diatoms may be enablers in this
regard, as they are extremely stiff [11], yet have distinct sur-
face flexibility [12] via an extracellular polymeric substance
(EPS) layer that attaches the frustule to other materials. EPS is
usually produced by pennate diatoms since they possess ra-
phe, in contrast to centric diatoms that tend to be entangled
within a biofilm matrix due to the absence of raphe in their
cells [13]. Attached diatoms are found in almost all environ-
ments, both on land and in water [14], and their biological
functions include stabilising the intertidal mudflat [15] and
protecting the diatom from salinity induced stresses [14].
They are fundamentally considered an expensive nuisance in
the maritime sector [16] as they are highly effective biofouling
organisms. Nevertheless, their properties of biofouling in
combination with their excellent mechanical properties have
also been identified as beneficial in micro-bio technologies
[17] as they have a combination of stiff, compliant and sticky
properties. The properties of diatom adhesion varies with re-
spect to species [18, 19] and attachment substrate [20].
Atomic force microscopy (AFM) can be a useful means of
characterising the strength of EPS adhesion. Higgins et al.
[21] reported pull-off forces of 3.58 ± 1.97 nN of EPS from
the girdle of the diatom Craspedostauros australis, while in
the raphe region, the adhesion forces were significantly higher
at 15.4 ± 11.2 nN, with maximum values recorded at 60nN.
These forces are similar to those required to pull polypropyl-
ene (PP) from silica glass (14nN), which is strongly correlated
to van der Waals interactions [22, 23], though electrostatic
interactions have also been quantified between diatom EPS
molecules and silica [12]. Though the Young’s modulus of
EPS varies from species to species, it can generally be ob-
served as being within range of ca. 0.5 MPa, confirming its
bulk properties are similar to those of other soft polymers [24].
The sticky properties of diatoms allow them to connect to
one another, by which means they form colonies. Cell-to-cell
attachment has been studied extensively for diatoms of the
same species (intra-species attachment) including;
Phaeodactylum tricornutum [25], Thalassiosira [26] and
Skeletonema costatum [27]. Though diatoms also attach be-
tween species (inter-species attachment), there are only a
handful of studies covering their attachment characteristics,
and for only a small number of interacting species. Amphora
and Cymbella are for example, critical contributors to the de-
velopment of biofilms. Amphora acts essentially, as an initial
coloniser forming a direct substrate-EPS linkage for stalked
Cymbella, which in turn traps other centric and non-EPS
forming diatoms [13]. Manoylov [28] demonstrated that the
stalked structure of Cymbella facilitates Achnanthidium at-
tachment, allowing both species to occupy shaded environ-
ments, and consequently winning space over its local compe-
tition, Cocconeis placentula. Amphora and Nitzschia are also
known to interact and attach, such that the former selectively
chooses the latter species as a host, utilising the motile char-
acter of Nitzschia to transport itself as an attached diatom to a
more favourable environment [29, 30].
In this paper, we consider diatom interactions as a tangible
future approach to the construction of micro-bio machines,
robots, and their parts. Diatoms are hard-bodied but have flex-
ible attachment polymers (EPS), which potentialises their util-
ity as stiff-compliant-stiff micro-bio machine parts. The
Young’s modulus of diatom frustules typically ranges between
7 and 20GPa [31] while its strength in tension and compres-
sion has been recorded as high as 560 MPa and 680 MPa,
respectively [32]. Importantly, we consider the characteristic
geometries that result from both inter- and intra-species dia-
tom attachments (using both pennate and centric diatoms), as
these will guide the design functionality of self-assembling
multi-cellular-component micro-bio machines.
2 Materials and methods
2.1 Cell culturing
Five species of microalgae were cultured in species-specific
media for optimal growth. Phaeodactylum sp. (pennate),
Skeletonema costatum (centric) and Nitzschia sp.
(pennate) obtained from Situbondo Marine Aquaculture,
East Java were cultured in f/2 medium (1 mL/L NaNO3,
1 mL/L NaH2PO4, 1 mL/L Na2SiO3, 1 mL/L trace metal
solution and filtered natural seawater) pH 7.5, Navicula sp.
(pennate) obtained from Jepara Marine Aquaculture,
Central Java was cultured in Walne medium (1 mL/L nutri-
ent solution, 1 mL/L stock vitamin solution and 1 L filtered
natural seawater) pH 7.5 [33], while Thalassiosira sp.
(centric) obtained from Gondol Marine Aquaculture, Bali
was cultured in Na medium (3 mL/L NaNO3, 1 mL/L
Na2HPO4, 1 mL/L Na2SiO3, 1 mL/L stock vitamin solu-
tion) pH 8.5 (Gondol Marine Aquaculture, 2018). The
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culturing process was performed under 3000 lx lighting at
24 °C in several 500 mL glass bioreactors under a constant
stream of air bubbles to ensure diatom cells in the media
were adequately agitated. After the diatoms reached their
exponential growth phase, the colonies formed by attaching
intra- and inter-species diatoms were observed under both
light and phase-contrast microscopes.
2.2 Intra and inter-species diatom cultures
Intra-species cultures included the following individual dia-
tom species; Phaeodactylum sp., Nitzschia sp., Navicula sp.,
Thalassiosira sp. and Skeletonema costatum. Each diatom
species was cultured individually in a 500 mL bioreactor with
the medium described above for the specific species. Intra-
species diatoms reached an exponential phase of growth with-
in 7 days, after which these cultures were used to make inter-
species cultures. Inter-species cultures were conceived by
mixing 100 mL of diatom culture from a specific individual
diatom species with 100 mL diatom culture from different
specific individual diatom species. Each inter-species culture
consisted of only two specific individual species of diatom
since the specific attachments and geometries would be easier
to assess in this way. The specific paired diatom couplings are
shown in Table 1.
Both inter- and intra-species diatoms were cultured for sev-
en days, after which the diatoms reach their exponential
growth phase.
2.3 Light and phase-contrast microscopy
Following seven days of growth, diatom cultures were
mounted onto microscope slides together with immersion oil
on the cover glass to enhance the resolving power of the mi-
croscope. The slides were then observed using an Olympus
CX22LED light microscope and an Olympus BX40 phase-
contrast microscope with a × 100 objective. The images were
captured using an Optilab device and camera. Light micros-
copy was used for early examination of the diatoms, after
which the phase contrast microscope was used to differentiate
the bioglass and EPS phases of both inter- and intra-species
attached diatoms.
2.4 Image analysis
Micrograph images from both light and phase-contrast micros-
copy were probed using image analysis softwares Fiji v.1.52p
and ImageRaster. This enabled a clearer view of the connections
that arose between diatoms in both inter- and intra-species attach-
ments. Fiji v.1.52p was used to superimpose images captured
using a different aperture focus, while ImageRaster was used to
correctly scale the images. Since diatoms are not flat, images
were taken using different aperture focuses so that important
attachment geometries could be captured at different depths in
3-dimensional space. Images were overlaid in Fiji v.1.52p using
different colours as it made it easier to differentiate between the
different depths of focus, as well as between the frustule and
EPS. The scaling was calibrated in each image using the pre-
calibrated scale bar from the original microscope image to avoid
dimensioning errors.
3 Results and discussion
3.1 Biological attachments
Intra-species diatom attachments revealed several interesting
connection points and resultant diatom-diatom geometries
(Figs. 1, 2 and 4). Inter-species attachments were predomi-
nantly found to occur between raphid diatoms at their tips,
to the walls of cylindrical and centric diatoms (Figs. 5 and 6).
Intra-species attachments between Phaeodactylum sp. re-
vealed four different patterns of connection (Fig. 1). In the first
pattern, the cells connected across the entire length of each
Phaeodactylum sp. cell (both the two tip regions and the cen-
tral region) (Fig. 1a1-a2), and this pattern of connection was
also noted to occur in intra-species connections between
Nitzschia sp. cells (Fig. 2a). Another intra-species attachment
pattern observed between Nitzschia sp. was similar to that in
Fig. 2a, but differed in that it only connected at the centre of
the adjoined diatoms (Fig. 2b). Phaeodactylum sp. cells were
also noted to attach at only the tip region, creating a V-shape
(Fig 1b1-b2), which was also noted to occur between both
Nitzschia sp. cells (Fig 2c1-c3) and Navicula sp. cells (Fig.
2d). Intra-species Phaeodactylum sp. cells also showed tip-
to-tip attachments however, rather than forming V-shapes,
they formed a staggered chain-like geometry (Fig. 1c1-c2).
Contrarily, another tip-to-tip pattern observed between intra-
species Phaeodactylum sp. cells formed a cross-like structure
of four diatoms or a linear tip-linked structure between two
diatoms (Fig. 1d1-d3).
Both Phaeodactylum sp. and Navicula sp. are classified as
raphid diatoms, since they possess raphe in their frustules [34,
35] from which EPS is secreted. Nevertheless, raphid diatoms
are reported to secrete EPS through the raphe, as well as
through their girdles and through other pores, such as apical
pores [35, 36]. The location of secreted EPS is a factor deter-
mining how the diatoms will attach to one another, and the
consequent geometries that form. For example, we note that
raphe secreted EPS connects only at the centre of the valve
face [37] (cf. Fig. 2b); girdle secreted EPS connects in only the
region around the tip (cf. Fig. 1b and c), and apical pore
secreted EPS facilitates specific connections at only the very
end of a raphid diatom (cf. Fig. 1d). Figure 3 shows the loca-
tions of the girdle, apical pores, raphe and valves in a raphid
diatom.
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Figure 4 shows the results of intra-species connections be-
tween cylindrical centric diatoms. Thalassiosira sp. cells were
noted to join directly at the valve face (Fig. 4a1-a2). This type
of attachment occurs between centrally strutted process secret-
ed β-chitin fibrils [36, 38]. Fryxell et al. [26] noted that some
Thalassiosira sp. formed gelatinous colonies, while certain
other species of Thalassiosira, such as T. weissflogii, cannot
connect unless the connections are facilitated by EPS secret-
ing bacteria [39, 40]. There is therefore importance in com-
mitting to a focussed species selection during the design pro-
cess of self-assembling cells. Unlike Thalassiosira sp.,
S. costatum connects through a siliceous structure that extends
from tubular processes called fultoportulae [41, 42]. These
connections were evident in our intra-species cultures of
S. costatum and examples are provided in Fig. 4b1-b2.
Interestingly, when we mixed two different araphid species
of diatoms in a single culture (Thalassiosira sp. and
S. costatum), we found that they would not connect to each
other (Fig. 5a). In turn, attachments between raphid and
araphid diatoms occurred for the most part, between the tips
of the raphid diatoms and the sides of the centric diatoms
(Figs. 5b-e and 6a-b).
Though both cylindrical species of Thalassiosira sp. and
S. costatum were cultured together, they did not attach to one
another (Fig. 5a). These cells only formed clusters of cells
between their own species. By contrast, raphid-araphid dia-
toms did self-assemble together to form inter-species geome-
tries. Phaeodactylum sp. for example would tend to connect to
the side of the cylindrical Thalassiosira sp. via its (apical pore)
tip (Fig. 5b1-b2). Navicula sp. (Fig. 5c1-c8) were noted to
connect anywhere to Thalassiosira sp. via both its tip region
(girdle/apical pore) and its centre (valve). Nitzschia sp. was
observed to connect toNavicula sp. via its tip region (Fig. 5e),
indicating the importance of the EPS secretions from the api-
cal pores for attachment, Hoagland et al. [36].
Girdle EPS initiated attachments [35] were also noted in
Navicula sp./S. costatum pairs (Fig. 5d1). Thus far, all ob-
served attachment mechanisms between diatoms have been
Table 1 Inter-species diatom
couplings Pair Number Diatom Species 1 Diatom Species 2
1 Thalassiosira sp. (centric) Skeletonema costatum (centric)
2 Thalassiosira sp. (centric) Phaeodactylum sp. (pennate)
3 Thalassiosira sp. (centric) Navicula sp. (pennate)
4 Skeletonema costatum (centric) Navicula sp. (pennate)
5 Nitzschia sp. (pennate) Navicula sp. (pennate)
Fig. 1 a-d Intra-species connec-
tion patterns between raphid dia-
toms were shown to form four
different attachment geometries
(here: Phaeodactylum sp.). Scale
bar = 10 μm in all images
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diatom-EPS-diatom (i.e. stiff-compliant-stiff structures). One
specific pairing (S. costatum with Navicula sp.) exhibited a
very different attachment mechanism. In this pairing,
Navicula sp. mechanically interlocked itself between the
fultoportulae of S. costatum (Fig. 5d2), creating a diatom-
diatom (i.e. stiff-stiff) connection, a combined schematic and
CAD interpretation for which is provided in Fig. 7.
In nature, both intra- and inter-species diatom attachments
may be a way of advancing species success in a competitive
environment [43], since colony formation is hypothesised to
be critical in this respect [44, 45]. This said, cell-to-cell attach-
ment depends largely on cellular motility, and raphid diatoms
from the genera Phaeodactylum, Navicula and Nitzschia are
noted herein to have greater characteristics of motility than
cylindrical centric Skeletonema and Thalassiosira species.
3.2 Conceptual design of micro-bio machine parts
This section aims to propose possible applications of primar-
ily, the inter-species cellular connections observed and
discussed in the previous section. Much of the previous re-
search on micro-bio robots consider individual cells as motile
biological robotic carries/transporters [2, 4, 8, 10]. The cellu-
lar connections elucidated herein are entirely different in struc-
ture, properties and purpose of previously proposed
conceptual designs of micro-bio robots. Our connected dia-
toms self-assembled into both stiff-compliant-stiff, and stiff-
stiff (interlocked) structures. The stiff-compliant-stiff struc-
tures have the advantage of having flexible EPS polymer
joints that enable coupled rotations and translations of the
adjoined stiff bioglass diatoms. The stiff-stiff (interlocked)
diatoms are micro-scale bioglass orthogonally connected
structures, presumably with no rotational or translational
freedom.
Our first conceptual designs were inspired by raphid-
araphid interactions, whereby the raphid diatom tip attaches
to the body of a cylindrical araphid diatom. The final struc-
tures resemble micro-bio propellers, Fig. 8, with a rotational
point at the centroid of the planar end of the cylindrical
araphid diatom. Rotation for propulsion could theoretically
be borne from magnetic sources as reported by Fu et al. [46]
and Todd et al. [47], or through the incorporation of cilia
micro-bio technologies as reported by Ghanbari and
Bahrami [2]. A micro-bio machine part such as this, could
hypothetically, form part of a device that is either powered
to turn and thus propel, or, that turns in accordance with local
fluid movements to produce power for other micro-devices.
From the point of view of propulsion, hydrodynamic motion
at the microscale and below, occurs at low Reynolds numbers
(laminar), and requires that the ‘swimming object’ is
Fig. 2 Intra-species connection
patterns between raphid diatoms
(here: Nitzschia sp. (a-c) and
Navicula sp. (d)). Scale bar = 5
μm in all images
Fig. 3 Schematic of a raphid
diatom showing the locations of
the raphe, valves, apical pores and
the girdle
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essentially able to outrun diffusion [48] such that l > D/v
where l is the swim-length, D is the diffusion constant
(10−5 cm2/s in water) and v is the swimming velocity.
Rotating swimmers such as E. coli for example, are able to
outrun diffusion reaching speeds of ca. 30 μm/s by rotating
their bodies at ca. 20 Hz [49].
Fig. 5 Inter-species attachment
between raphid and araphid
diatoms: a Thalassiosira sp.
(upper) and Skeletonema
costatum sp. (lower); b
Thalassiosira sp. (centric cell in
the middle) and Phaeodactylum
sp. (pennate cells attaching to
centric cell by their tips); c
Thalassiosira sp. (cylindrical cell)
and Navicula sp. (pennate cells);
d S. costatum (cylindrical cells)
and Navicula sp.; (pennate cells);
e Nitzschia sp. (upper) and
Navicula sp. (lower). Scale bar =
5 μm in all images
Fig. 4 Intra-species connections between the cylindrical centric diatoms (a) Thalassiosira sp. and (b) Skeletonema costatum. Scale bar = 10 μm in all
images
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We also noted unique stiff-compliant-stiff arm-like struc-
tures that formed through the inter-species connections of
Thalassiosira sp. (sides) and Navicula sp. tips, followed by
intra-species attachments between Navicula sp. cell-tips,
Fig. 9a. We hypothesise these structures show potential as
micro-bio robotic arms (Fig. 9b) as the cellular structures
themselves are hard (bioglass diatoms), while the connections
between them are flexible EPS polymer. As such, the arms
have a degree of translational and rotational freedom.
The interlocked connection between S.costatum andNavicula
sp., as shown in Fig. 10, provides inspiration for stiff-stiff micro-
bio machine applications. In this inter-species connection, half of
the body ofNavicula sp. is mechanically interlocked between the
fultoportulae of S.costatum (cf. Figure 7), both of which in com-
bination create a stiff orthogonally structured assembly. Since
these structures are both mechanically interlocked, and are likely
to continue to secrete EPS, we can assume that these structures
are well attached and thus physically very stable in their hook-
Fig. 6 Self-assembled branched
structures generated between
raphid and araphid diatoms (inter-
species attachment). In (a) we see
a Navicula sp. (pennate cell)
attached by its tip to the side of a
linear array of Thalassiosira sp.
(cylindrical cells). In (b) we see
Navicula sp. (pennate cells)
attached linearly by their tips to
each other, and at their extent to
the side of a Thalassiosira sp.
diatom. Scale bar = 5 μm in all
images
Fig. 7 Schematic drawing and CAD interpretation of the interlocking of Navicula sp. between the fultoportulae of S. costatum, resulting in a stiff-stiff
attachment
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like conformation. A stable stiff-stiff micro-hook has many po-
tential applications. These might include micro-hooks used for
climbing on micro-rough or soft surfaces, as a complementary
part for micro-robotic arm, and attached in tandem to enable
multi-hook devices for stable gripping micro-bio technologies,
Fig. 10. The integration of such diatom assemblies into larger or
connected systems could be possible using nanowire techniques
reported by Agarwal et al. [50]. Using a wall-climbing robot
equipped with hooked-claws and claw tips, as inspired by the
spiny structures on cockroach legs, Xu et al. [3, 51] reported
upon the importance of surface topography, material, and struc-
ture on robotic-climbing effectiveness. Theymoreover noted that
the mobility of their robots was constrained despite being sub-
jected to vibration. The implication is therefore, that size is a
critical parameter in the design of a climbing robot, with smaller
sized robots being lighter with respect to grip strength and less
affected by its own inertia. Herein we postulate therefore, that
due to their microscopic sizes, diatoms turned into mobile micro-
bio robots, might exhibit improved grip and stability than larger
robots.
Fig. 8 a Optical micrograph of a
propeller-like structure created by
the self-assembly of raphid and
araphid diatoms (scale bar = 5 μm
), (b-c) conceptual design of an
underwater micro-bio propeller
inspired by structure in (a), (d)
optical micrograph showing inter-
species connections between
pennate and cylindrical diatoms,
as well as intra-species attach-
ments between pennate diatoms
(scale bar = 5 μm ), (e) hypothet-
ical utility example of as an un-
derwater microscopic propeller
inspired by the structure in (d)
Fig. 9 a Optical micrograph of
both inter- and intra-species con-
nections created by Thalassiosira
sp. and Navicula sp. and (b)
micro-arms modelled as a part of
a micro-bio robot inspired by the
connections shown in Fig. 8a.
Scale bar = 5 μm
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4 Conclusions
This paper was concerned with intra- and inter-species attach-
ments between self-assembling diatoms, and the structures
that develop from them. We find several structures from both
pennate and centric diatoms that provide inspiration for future
micro-bio propellers, translating and rotating arms, and micro-
hooks. Our results revealed that cell-to-cell attachments within
the same species of raphid diatoms follow four typical, but
fundamentally different patterns, while those occurring
amongst cylindrical diatoms only attach at their valves in
Thalassiosira sp., and via the siliceous structures of
Skeletonema costatum. The connections formed between dif-
ferent species of diatom, by contrast, typically entailed raphid
diatoms connected at their tips, to the sides of cylindrical
diatoms. Our work shows there is potential in manufacturing
micro-bio machine parts by the self-assembly of diatoms.
Diatoms have hard bioglass shells and secrete soft, flexible
polymeric substances, and as such, provide ideal possibilities
for hard bodied micro-machines with flexible joints, or in the
case of interlocking diatoms, hard-bodied micro-machine
parts with unconventional shapes.
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